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Abstract 
The aim of the current study is to demonstrate the effect of inter-ply delamination on 
stiffness degradation of multi-ply woven composites. Such a demonstration becomes 
possible due to new technique of modelling textile laminates. It is based on set of 
boundary value problems for unit cell of a single ply, where boundary conditions 
imitate interaction with the other plies. Once these problems are solved, local stress 
distribution and stiffness of the laminate are determined analytically as function of 
number of the plies and local stress/strain fields obtained in these problems. Hence, it 
opens the road for an efficient modelling of delamination, which is described as gradual 
reduction of plies in the laminate.  
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Introduction 
Textile multi-ply composites are often employed in important structural 
applications. Hence, modelling failure stages and stiffness degradation is an important 
issue for engineering design. There are two major failure mechanisms, which govern 
composite behaviour prior to fibre failure: intra-ply cracking and inter-ply 
delaminations. These processes are governed by local stress distribution at the yarn 
scale and hence, meso modelling is needed for a correct description of failure.  
Until now, only the damage within the yarns is extensively modelled, whereas 
description of the delamination at the yarn-scale has not yet been approached for 
obvious reasons:  
(1) Size of inter-ply cracks substantially exceeds textile unit cell dimensions and 
can be hardly handled by conventional analysis on a composite unit cell; 
(2) Complexity of textile unit cells do not allow an easy construction of multi-ply 
laminate model; 
(3) Non-controlled inter-ply shift is a crucial factor for the propagation of 
delamination. Thus, several laminate configurations must be constructed, 
which increases the modelling efforts. 
The present paper suggests an easy way to estimate the influence of delaminations. 
The idea is based on approach, which allows modelling of the entire laminate by means 
of boundary value problems for unit cell of one ply only. This is done via properly 
adjusted boundary conditions (BC). In [1], it was shown that the stress distribution in 
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textile laminate depends on the ply position and number of the plies in textile laminate. 
It has been proposed to construct BC of a single ply problem that could accurately 
reproduce interaction with the other unit cells and hence, the stress distribution at 
various locations in the laminate. In [2] this technique has been developed further. It has 
been shown to be successful for arbitrary ply shifts. In the current paper it is suggested 
to describe the delamination as gradual decrease of plies in laminate, which can be 
easily implemented with the new technique. 
In the first section the new technique of modelling laminates is described. It is used 
to model the failure of glass-epoxy plain weave composite. The modelling is supported 
by experimental data obtained for 4-ply and 1-ply configurations.  
1 One ply technique of modelling textile laminate 
In [1], it has been found out that the stress distributions in outer and inner plies can 
be dramatically different even for the case of in-plane loading, i.e. the uniaxial tension. 
Moreover, the local stress and deformation turned out to be dependent on the number of 
plies in the laminate. This fact shows that the free surface is felt by every ply in the 
laminate. Hence, the deformation and, consequently, failure behaviour of the composite 
is size dependent.  
The BC for one unit cell in different plies of the laminate with the periodic lay-up 
were proposed based on study of the displacement fields obtained in FE analysis. It was 
found that the deformed shape, i.e. the deflection of the outer unit cell boundaries (1) is 
nearly the same for all unit cells in a laminate – it does not depend on the position of the 
unit cell, and (2) is nearly proportional to the deflection of infinitely thick laminate, i.e. 
z-displacement found in boundary value problem with z-periodic BC. The coefficient of 
proportionality, named further as a scaling factor, depends on the number of plies.  
Displacement, strain, and stress for ply in the laminate is presented as combination 
of two solutions: 
( ) βαλ λλ uuu −+= 1  ( ) βαλ ελλεε −+= 1  ( ) βαλ σλλσσ −+= 1   (1) 
where λλλ σε ,,u  will be further referred as scaled solution, λ  is a scalar coefficient, 
and indexes α , β  refer to two boundary value problems. The BC for these problems 
approximate interaction with surrounding medium. On the boundaries perpendicular to 
the plane of the laminate, the periodic BC are set for both the problems.  
Two cases of ply position are distinguished: outer and inner ply. For the inner ply of 
the laminate with inter-ply shifts between the plies: 
xrxuxuu pbottop
pp
bottop
⋅⋅+++=
Γ
εα )(~)(~ //
vvv
    (2) 
xu p
bottop
⋅⋅=
Γ
εβ
/
      (3) 
where Γ
 
is the inter-ply boundary, ...  volume averaging operator, and the 
displacement pu~  is the fluctuation of the displacement pu  , and pε  is strain obtained in 
boundary value problem with z-periodic BC. The shift between the considered ply and 
its neighbours is described by vectors topr
v
 and botr
v
, which characterise the in-plane 
distance between two geometrically identical points of two plies. For the outer ply the 
BC are: 
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where n  is the normal to the boundary of the unit cell, ‘outer’ is the surface of the 
laminate and ‘inner’ is the inter-ply boundary between the outer ply and first inner ply.  
According to Hill-Mandel condition, the effective λλ σε ⋅⋅  and heterogeneous 
λλ σε ⋅⋅  energy balance out, if the unit cell represents an effective behaviour of the 
composite. In our case, the inner unit cell is smaller than RVE of laminate, and, hence, 
it does not characterize the behaviour by itself. To satisfy the balance, the outer plies 
must be considered as well. As a matter of fact, the unit cell is smaller than RVE and 
hence, there should be global macro-scale energy balance considered.   
 Approximation of local stress and strain (1) allows estimating the mismatch of effective 
and heterogeneous energies for one ply: 
( ) ( ) ( ) ββαβααλλλλλ λλλλσεσε ∆−+∆−+∆=⋅⋅−⋅⋅=∆ 22 11   (6) 
where ( ) αββααββααβ σεσεσεσε ⋅⋅−⋅⋅−⋅⋅+⋅⋅=∆  
αααααααααα σεσε ⋅⋅−⋅⋅=∆ , ββββββ σεσε ⋅⋅−⋅⋅=∆ . 
The scaling coefficient has to be the same for all the plies in the laminate to provide 
continuity of the displacements. Hence, the summation of the energy balance 
mismatches over the entire laminate results in quadratic equation relative to the scaling 
coefficient: 
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It should be noted, that Hill-Mandel condition is necessary but not sufficient for the 
unit cell to be RVE. For instance, several BC satisfy the equality of effective and 
heterogeneous energies: e.g. displacement, traction, and periodic BC. However, only the 
latter provide the periodic stress-strain distribution and hence, continuity of local fields 
across unit cell boundaries. Likewise, the equation (7) gives two solutions, whereas only 
one of them represents interaction of the unit cell with the surrounding media. One 
solution is in vicinity of 0=λ  (rigid displacement BC) and another one is close to 
1=λ (periodic BC). The latter is the searched solution for it directly addresses to the 
mechanical sense of the scaling coefficient: the ratio between deflections for the 
laminate with N plies to the deflection of the z-infinite laminate.  
Hence, once α - β -problems are solved, the entire spectrum of the solutions for 
arbitrary number of the plies in the laminate is obtained analytically: first, )(Nλλ = is 
determined from the quadratic equation (7), and secondly, the stress and strain fields are 
calculated with the equation (1). Correspondingly, the laminate stiffness as function of 
N  can be obtained by averaging the resultant stress λσ  at unit applied strain. For the 
in-phase configuration there are four boundary value problems to solve: one with 
periodic BC, one with Dirichlet BC on the inter-ply boundary, and two problems for the 
outer ply. This technique has proven to give good approximations of the actual stress 
state in the laminate. The quality of the obtained approximation is extensively discussed 
in [2]. 
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2 Modelling of damage 
The primary focus of modelling is to demonstrate the effect of delamination. Hence, 
the modelling of intra-yarn damage is performed very schematically, so that the effects 
of cracking and delaminations would be clearly distinguished. To make the reasoning 
even more transparent, the discussion concentrates on uniaxial tensile test. However, the 
same model can be easily generalised to an arbitrary loading situation.  
Only three states of the ply are distinguished: (1) intact, (2) the entire volume of 90° 
(with respect to the loading direction) yarns is damaged, (3) damage is present in all the 
yarns. In order to prescribe the post-critical behaviour to the damaged yarns, the 
assumptions of Zinoviev [3] are employed. These assumptions state that transverse 
stress in the damaged fibre bundle is equal to the stress at which damage appears. 
Moreover, this stress level does not evolve with strain increase. In other words, there is 
a plateau on the diagram transverse stress – transverse strain. This assumption has 
proven to give reasonable predictions for the flat non-woven laminates [4]. Plasticity 
associated with intra-yarn shear is not accounted for in this model as contribution of 
shear stress in non-linearity can be neglected for the considered case.  
Further simplification relates to the way the post-critical behaviour is implemented. 
Consider uniaxial test in 0°-direction. First, all the stiffness components affected by the 
transverse cracking of 90°-yarns are zeroed [5]. In uniaxial test, the stiffness of the 
degraded ply is calculated as the ratio of average stress over the ply volume to the 
applied strain 
xx
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= . As the transverse stiffness of 90°-yarns is zero, no stress is 
generated there. On the other hand, the post-critical assumptions state that the average 
transverse stress in damaged yarns is equal to the transverse strength of the UD fibre 
bundle UDs o90 . The missing contribution to the macro stress can be estimated as product of 
UDs o90
 
and volume fraction of 90°-yarns o90v . Hence, this contribution is restored 
posterior, i.e. the macro stress 
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is corrected as following: 
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where crxxe  - is the applied strain at the moment of damage onset in 90°-yarns occur. By 
doing this simplification, we minimize the number of problems that need to be solved 
and avoid formulation of non-linear problem. Instead of incremental increase of the 
load, the solution is presented as set of elastic problems at different damage stages and 
complemented with post-critical contribution of 90°-yarns.  
At an advanced loading stage, when all the yarns are damaged, the delamination 
starts. Inter-ply crack breaks the connection between plies and introduces new traction 
free surfaces. After the first delamination, the stiffness of N-ply laminate is averaged 
over the stiffness of 1-ply composite (both top and bottom boundaries are traction free) 
and stiffness of (N-1)-ply laminate. After the next failure event, the laminate consists of 
(N-2)-ply laminate and 2 single ply composites. This process continues until the 
composite transforms to a stack of N 1-ply composites. It is important to note, that on 
this stage, no other boundary value problems are required. The stiffness of N-ply 
composite is determined analytically for arbitrary N as follows from the new technique 
(1-7). The summary of the problems employed for the analysis is presented in   
 
Table 1. 
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The load level at which inra-yarns cracking starts is defined by simple stress criteria, 
i.e. this is the level when the average transverse stress in yarns reaches the transverse 
strength. The delamination onset is associated with the load level at which the average 
hydrostatic pressure in the inter-ply matrix space reaches the critical value.  
 
Table 1. Boundary value problems  
Damage 
stages 
Problems to solve Output 
Intact material α , β  - boundary value 
problems for inner and 
outer plies 
- Stiffness of the intact ply for arbitrary number of 
plies in the composite. 
- Threshold for occurrence of cracks in 90°-yarns 
Intra-yarn 
cracks in 90°-
yarns 
α , β  - boundary value 
problems for inner and 
outer plies with 
degraded 90°-yarns
 
- Stiffness of the damaged ply for arbitrary number 
of plies in the composite 
- Macro-stress in the composite as function of the 
applied strain and critical transversal strength 
- Threshold for damage in 0°-yarns 
Intra-yarn 
cracks in 0° 
and 90°-yarns 
α , β  - boundary value 
problems for inner and 
outer plies for degraded 
yarns
 
- Stiffness of the damaged ply for arbitrary number 
of plies in the composite 
- Macro-stress in the composite as function of the 
applied strain and critical transversal strength 
- Thresholds for delamination onset 
Inter-ply 
delaminations 
 
Problem for single ply 
composite  
-  Stiffness of delaminated laminate as an average 
of single ply solution and the N-ply solution 
obtained above. 
3 Studied materials 
Uniaxial tensile tests have been performed for 4-ply and 1-ply composites based on 
glass plain-weave reinforcement – Table 2. The composites are produced by resin 
infusion moulding using Dow Derakane 8084 Epoxy-Vinyl Ester resin. The weave 
architecture is slightly unbalanced exhibiting different crimp in warp and weft 
directions. The lay-up of 4-ply composite has been balanced. 
The thicknesses of a single ply in 4-ply and 1-ply composites are essentially 
different. They differ by factor 1.2 even though the same production parameters have 
been used for both the materials. This effect is attributed to the nesting of plies, i.e. the 
yarns of one ply occupy fibre free zones of neighbouring ply. As a result, the crimp of 
the 1-ply composite is higher and the total fibre volume fraction is 6 % lower. The 
dimensions of the fabric unit cell is 10.3×12.5 mm in the plane of the textile. 
Table 2. Principal parameters of the 2D preforms and composites 
Parameter 4-ply laminate 1-ply composite 
Ply orientation 0°/90°/90°/0°(1) 90° 
Composite thickness, mm 2.45±0.08(2) 0.73 
Average ply thickness, mm 0.61 0.73 
Total areal density of preform, g/m2 3260 815 
Total fibre volume fraction in composite, % 52.4 44.0 
Crimp of warp/weft, % 0.1/0.2 0.2/0.3 
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Notes: (1) 0° or 90° corresponds to the angle between the warp and loading directions; (2) “±” designates 
standard deviation;  
The tensile tests have been accompanied by acoustic emission (AE) registration, 
full-field surface strain-mapping (SM), progressive crack imaging at different load 
levels, and micrographic inspection of the cross sections of samples. The results of 
testing have been reported in [6, 7]. 
4 Results of modelling 
The geometrical model of the textile reinforcement is produced in WiseTex software 
[8, 9] and mesh of both unit cell and laminates is done in MeshTex program (Osaka 
University) [ 10 ]. The unit cell contains 6,944 8-node brick elements. There is a 
challenge to implement a reasonably low fibre volume fraction in the yarns of a nested 
laminate. The model assumes unit cell surface to be straight, whereas in reality yarns of 
one ply nest on the fibre free zones of another ply. Nevertheless, realistic local fibre 
volume fraction of 63 % is achieved. Properties of a transversely isotropic material are 
assigned to the yarn elements according to the local fibre orientation by analytical 
micro-mechanical formulae.  
The actual inter-ply shift is not controlled. Two laminate configurations are imitated 
by BC: (1) “in-phase”, where all the plies form periodic pattern in thickness direction; 
(2) “out-of phase”, where every second ply is shifted to half period in warp direction. In 
reality none of these two stackings takes place. However, they present extremes of 
stress spectrum occurring in different stacking configurations. The tensile tests are 
simulated in warp and weft directions and then averaged over both the directions to 
approximate balanced (0°/90°)S lay-up of the laminate. 
Table 1 shows how the stacking effect affects sensitivity of the laminate to number 
of plies in the laminate. In the in-phase stacking the stiffness decreases whereas in the 
out-of-phase stacking it remains indifferent. The effect becomes more pronounced for 
more explicit crimp of the yarns (weft yarns have higher crimp).  
Table 3. Stiffness of the plain weave composites at different deformation stages 
E-modulus Warp 
direction 
Weft 
direction 
Warp 
direction 
Weft 
direction 
Ply thickness 0.61 mm 
Stacking/state: in-phase out-of-phase 
intact material, 4 plies 25.5 23.6 25.9 24.1 
damage in 90 yarns, 4 plies 19.8 16.6 20.5 17.8 
damage in all yarns, 4 plies 18.7 14.9 20.7 17.9 
damage in all yarns, 3 plies 18.5 14.6 20.7 17.9 
 damage in all yarns, 2 plies 18.1 13.9 20.7 17.9 
damage in all yarns, 1 ply 17.9 10.6 17.9 10.6 
Ply thickness 0.73 mm 
intact material, 1 ply, t= 0.73 mm 18.7 15.9 18.7 15.9 
damage in all yarns, 1 ply, t= 0.73 mm 14.9 10.2 14.9 10.2 
The simulation of the one ply composite shows that the post-critical assumptions 
and the simple modelling procedure work fairly well - Figure 1. Hence, this approach 
can be used further for simulation of the 4-ply laminate. 
 
Figure 1. Tensile test for one ply composite: experiments (3 samples) and the simulation
based on two boundary value problems.
The most important degradation trends 
Figure 2. Without accounting for delamination factor the stress level at the fibre failure 
would be strongly overestimated. Two 
transformation of the 4-ply laminate to 3
one 2-ply and two 1-ply composites. Occurrence of the first event is governed by the 
criterion for cracking of brittle matrix in the inter
event is somewhat arbitrary. There is a
to critical energy release rate. However, no data 
moment. 
Figure 2 Tensile test for one four ply composite: 
simulation based on set of boundar
in-phase configuration, ‘Sym’ – out
5 Conclusions 
The proposed technique shows potential and importance of modeling the effect of 
delamination on the macro behavior of textile composite. The 
further refined, however the first step is done. Due to the consideration of 
composite, it was possible to separate the effect
delamination as there is no inter
demonstrate that the delamination affects the textile composite stiffness and this 
 
 
of 4-ply composite are predicted well
inter-ply crack events are considered: (1) 
-ply and 1-ply composite, (2) transformation
-yarn space. The load level for second 
 perspective to link these delamination thresholds 
is available for this material
 
‘Exp’ experiments (average curve) and the 
y value problems for different damage stages. ‘Per
-phase one. 
damage model can be 
s of intra-yarn cracking 
-ply cracking in 1-ply composite. The results 
 (FEA) 
 – 
 to 
 at the 
’ denotes 
single-ply 
and 
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phenomenon can be effectively modelled. The modelling employed new simple yet 
efficient tool for prediction stress distribution in textile laminates. It accounts for (1) 
inter-ply configuration; (2) number of plies; (3) ply position in the laminate. With the 
help of this technique it was possible to study the effect of stacking configuration and 
delaminations, with limited computational expenses. 
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